Active trafficking from the Golgi apparatus is involved in acrosome formation, both by delivering acrosomal contents to the nascent secretory vesicle and by controlling organelle growth and shaping. During murine spermiogenesis, Golgi antigens (giantin, ␤-COP, golgin 97, mannosidase II) are detected in the acrosome until the late cap-phase spermatids, but are not found in testicular spermatozoa (maturation-phase spermatids). This suggests that Golgi-acrosome flow may be relatively unselective, with Golgi residents retrieved before spermiation is complete. Treatment of spermatogenic cells with brefeldin A, a drug that causes the Golgi apparatus to collapse into the endoplasmic reticulum, disrupted the Golgi in both pachytene spermatocytes and round spermatids. However, this treatment did not affect the acrosomal granule, and some ␤-COP labeling on the acrosome of elongating spermatids was maintained. Additionally, N-ethylmaleimide sensitive factor, soluble NSF attachment proteins, and homologues of the t-SNARE syntaxin and of the v-SNARE VAMP/synaptobrevin, as well as members of the rab family of small GTPases, are associated with the acrosome (but not the acrosomal granule) in round and elongated spermatids. This suggests that rab proteins and the SNARE machinery for membrane recognition/docking/fusion may be involved in trafficking during mammalian acrosome biogenesis.
INTRODUCTION
The acrosome is a large vesicle localized as a cap-like structure on the heads of spermatozoa from most species. Release of acrosomal contents occurs during the acrosome reaction, an exocytotic event resulting in the fusion of the acrosomal membrane and the sperm plasma membrane that primes the sperm for zona penetration and sperm-egg binding/fusion (for reviews see [1, 2] ).
Although its biogenesis is an important aspect of mammalian spermiogenesis, the nature of the acrosome itself is still debated. The acidic characteristic of the compartment, as well as its rich hydrolase content, suggests similarities with lysosomes [3, 4] , possibly even secretory lysosomes found in most cells [5] [6] [7] . However, some typical lysosomal markers are not present on the acrosome [8] , which raises the possibility that it might more accurately be described as a modified secretory granule. Nevertheless, the acrosome is a complex organelle that includes several structurally and biochemically distinct regions [9 -11] , and its growth and shaping relies on intense membrane trafficking, possibly involving both clathrincoated [12, 13] and COPI-coated [13] [14] [15] vesicles.
During mammalian spermiogenesis several distinct stages of spermatid differentiation also reflect differences in the nascent acrosome [16, 17] . The initial Golgi phase is marked by fusion of Golgi-derived dense proacrosomal granules (which contain some, but not all, acrosome components) into a single acrosomal granule that attaches to the cell nucleus. During the cap phase, fusion of many (presumably Golgi-derived) vesicles takes place around the granule, forming the acrosomal vesicle. This initially rounded vesicle spreads over the nucleus concomitant with Golgi apparatus migration to the opposite cell pole. In both these stages the spermatid nucleus maintains a round mor-
FIG. 1.
Golgi markers label the acrosome until late in spermiogenesis. Golgi proteins (red) can be found in the acrosome of mouse spermatids. Giantin (A-E) brightly labels the Golgi apparatus throughout spermiogenesis [(A) spermatocyte; (B) Golgi-phase spermatid; (C) cap-phase spermatid; (D) acrosome-phase spermatid], but can also be found on the acrosome of both round (C, cap-phase) and elongating (D, acrosome-phase) spermatids, but not in the mature organelle found in epididymal sperm (E). Similarly, ␤-COP labels the Golgi complex in phology. During the acrosome phase the spermatid begins to elongate as the manchette microtubules start to grow from the nuclear ring. The acrosome reaches its final shape at the end of the maturation phase, and most of the cytoplasm and organelles are discarded in the cytoplasmic droplet/residual body [16, 17] . spermatocytes (not shown) and spermatids (F and G). As in the case of giantin, ␤-COP is also present in the acrosome of round (F) and elongating (G) spermatids, but cannot be detected in mature sperm (H). The acrosomal granule is visualized using acrosin (green) and persists in a distinct apical area of the acrosome in elongated spermatids (D, G), spreading only into the entire organelle of mature sperm (E, H). Other specific Golgi markers such as golgin 97 (I) and mannosidase II (J) also can be found on the acrosome, albeit with a fainter labeling pattern. In some instances acrosin is not completely sorted to the acrosomal granule and faintly labels the Golgi apparatus (A, I, J, arrows). DNA is shown in blue. Insets are light-microscopy images of each of the cells depicted; bar represents 5 m.
Although synthesis of acrosomal proteins may take place or begin before spermiogenesis [9] , the acrosome is initially formed in close association with the Golgi apparatus in Golgi-phase spermatids, with a continuous and intense flow of membranes in the endoplasmic reticulum-Golgi-acrosome direction [10, 18 -23] . The bulk of acrosome components seem to be delivered from the Golgi at this stage [24] , but membrane trafficking continues after the organelle has detached from the acrosomal area and initiated its migration to the opposite cell pole [21] . In fact, the Golgi is biologically active until it degenerates and is ultimately discarded in the cytoplasmic droplet [21] . On the other hand, acrosome maturation proceeds throughout spermiogenesis and is completed during epididymal transit [9] . Membrane trafficking in spermatids is thus mostly directed toward acrosome biogenesis, with components sorted via the Golgi complex, albeit with possible exceptions. While some authors have described an acrosomal protein that seems to follow an ER-to-acrosome pathway bypassing the Golgi [25] , others have suggested that endocytic trafficking might also contribute to the organelle [15] . However, very little data exist to corroborate these non-Golgi trafficking routes.
We initiated this study by addressing the puzzling fact that some Golgi-specific antigens seem to be found in the acrosome at several stages of spermiogenesis [4, 13, 26] . In parallel, we have set out to characterize components of the membrane trafficking machinery present during acrosome biogenesis, in an attempt to identify molecular players potentially active in the recognition/docking/fusion of the membrane vesicles that will ultimately form the organelle. For this purpose we have used the framework of the SNARE (SNAP receptor) hypothesis for membrane recognition (for reviews see [27] [28] [29] ), which postulates that a specific protein on a vesicular carrier (or v-SNARE) interacts with a complementary protein on a target membrane/vesicle (t-SNARE) to ensure proper docking/fusion. Although many additional proteins/components seem to modulate this process [28, 29] , SNAREs are important in defining membrane trafficking events in somatic cells. We had previously determined that SNARE homologues can serve as markers for the acrosome of late round spermatids [4, 30] . These findings have been extended here to describe the continuing presence of these proteins throughout acrosome biogenesis, thus suggesting a possible role for SNARE proteins in membrane trafficking necessary for the maturation of this organelle. In addition, we were also able to establish that the ATPase NSF (N-ethylmaleimide sensitive factor), as well as its cofactor/effector alfa-SNAP (soluble NSF attachment protein), is also present on the acrosome. Although its precise function in SNARE-pair formation or disassembly prior to/following membrane fusion is debated, NSF is important for many trafficking events and was indeed the first component of the SNARE model to be identified (for reviews see [27] [28] [29] ). Additionally, recent work suggests that the ATPase activity of NSF can itself promote membrane fusion [31] , although these results have been questioned [32] . Very recently this ATPase was also suggested to have a role in exocytosis during the acrosome reaction [33] .
Other important regulators of membrane trafficking are the members of the rab family of small GTPases [29, 34] . These proteins play a crucial role in determining that transport vesicles will fuse with their appropriate targets [34, 35] . Although rab3A has recently been shown to be present on the acrosome of mature sperm, and modulate the acrosome reaction [33, 36 -39] , the knockout mouse for this protein is fertile [40] , and the possible presence of rabs in the developing acrosome has not been explored. We describe here that rab6, rab5, and rab7, but not rab3A, are found in association with the acrosome during the early stages of spermiogenesis and may also play a role in the biogenesis of this organelle.
MATERIALS AND METHODS
Chemicals. All chemicals were obtained from Sigma Chemical Co (St. Louis, MO), unless otherwise stated.
Antibodies. Rabbit polyclonal antibodies against VAMP and syntaxin were generated against conserved sequences in these proteins. For VAMP, conserved sequences between rat cellubrevin rat VAMPs 1 and 2 and Drosophila synaptobrevin were used. For syntaxin, conserved sequences between syntaxins 1A from rat and from Drosophila were used [41] . Additionally, specific antibodies against syntaxin 1A, syntaxin 1B, and VAMP/synaptobrevin 1 and 2 were obtained from Synaptic Systems (Göttingen, Germany). Antibodies against syntaxin 2, syntaxin 6, syntaxin 13, rBet1, membrin, and GOS28 (GS28) were obtained from StressGen (Victoria, BC, Canada); antibodies against syntaxin 4 and syntaxin 6 were from Transduction Laboratories (Lexington, KY). Antibodies directed against rab1A, rab2, rab3A, rab5, rab6, rab7, rab8, rab11, and rabaptin-5 were from Santa Cruz Biotechnology (Santa Cruz, CA). Additional probes against rab5 were obtained from CalBiochem (La Jolla, CA) and CytoSignal (Irvine, CA), against rab6 from CalBiochem, and against rab7 from CytoSignal. Antibodies against NSF and alfa-SNAP were purchased from both Synaptic Systems and Santa Cruz Biotechnology (in this case probes raised against both the N-and the C-terminus of these molecules were obtained). For control purposes blocking peptides for the NSF, ␣-SNAP, rab5, rab7, and rab6 antibodies were also obtained (Santa Cruz).
Monoclonal antibodies against acrosin were a kind gift from Dr. Claudio Barros, Pontifical Catholic University of Chile, and a monoclonal antibody against the mouse protein sp56, related to the guinea pig acrosomal matrix protein AM67 [42] , was obtained from QED Bioscience (San Diego, CA). Anti-giantin and anti-golgin 97 were prepared as described previously [43] [44] [45] . Antibodies against TGN38 and ␤-COP were from Affinity Bioreagents, Inc. (Golden, CO), and anti-mannosidase II rabbit serum was a kind gift from Dr. Kelley Moremen, University of Georgia (Athens, GA).
Isolation of spermatogenic cells. Spermatogenic cells were isolated from adult mouse testes using previously described methodology [46] . Briefly, the testes were dissected into a petri dish with EKRB (enriched Krebs-Ringer bicarbonate) medium containing 120.1 mM NaCl, 4.8 mM KCl, 25.2 mM NaHCO 3 , 1.2 mM KH 2 PO 4 (pH 7.2), 1.2 mM MgSO 4 ⅐ 7H 2 O, 1.3 mM CaCl 2 , supplemented with 11.1 mM glucose, 1 mM glutamine, 10 ml/L MEM essential amino acid solution (Sigma), 10 ml/L BME nonessential amino acid solution (Sigma), 100 g/ml streptomycin, and 100 U/ml penicillin (K salt). Dry collagenase was then added at a final concentration of 0.5 mg/ml, and the testes were incubated for 15-45 min at 32°C with gentle stirring. Once the seminiferous tubules were dispersed in the medium they were allowed to settle at the bottom of the dish, and the medium was aspirated and discarded. The tubules were then placed in fresh EKRB containing 1 g/ml DNase I and 0.25 g/ml trypsin and incubated for 15-45 min with stirring and gentle pipeting. Released spermatogenic cells were pelleted by centrifugation (10 min at 500g) and washed twice in EKRB before being attached to poly-L-lysine-coated coverslips. Mouse sperm was isolated from adult mouse epididymis and attached to poly-L-lysine-coated coverslips before fixation (see below).
For isolation of rhesus monkey spermatogenic cells ERKB medium was replaced with TALP-Hepes (modified Tyrode lactate medium with pyruvate and albumin) containing 114 mM NaCl, 3.2 mM KCl, 2 mM CaCl 2 , 0.5 mM MgCl 2 , 25 mM NaHCO 3 , 0.4 mM NaH 2 PO 4 , 10 mM sodium lactate, 6.5 IU penicillin/ml, 25 g/ml gentamicin, 6 mg/ml fatty acid-free bovine serum albumin, 0.2 mM pyruvate, and buffered with 10 mM Hepes at pH 7.4 [47] . Testes were obtained from fertile males undergoing necropsy, and spermatogenic cells were released by gentle mincing with fine forceps, as described previously [30] . The cells were pelleted by centrifugation (10 min at 500g) and attached to poly-L-lysine-coated coverslips.
Live imaging of the Golgi apparatus. Mouse spermatogenic cells attached to coverslips were placed in EKRB medium containing the fluorescent lipid BODIPY FL-C5-Ceramide (Molecular Probes, Eugene, OR) at 5 M and incubated at 4°C in the dark for 2 h [13, 48] . The coverslips were then washed with fresh EKRB and further incubated for 0.5-1 h at 32°C and the cells visualized by epifluorescence microscopy.
Brefeldin A treatment. Coverslips containing mouse spermatogenic cells were placed in EKRB medium containing the fungal metabolite brefeldin A (Epicentre Technologies, Madison, WI) at 15-50 M and incubated at 32°C for 1-4 h. In some cases cells were previously labeled with BODIPY FL-C5-ceramide as described above, to visualize Golgi apparatus disruption in live cells. Following brefeldin A treatment coverslips were fixed and processed for immunocytochemistry as described below. For these experiments comparisons were always drawn with control cells incubated under the same conditions as the treated cells, but in the absence of the drug. These control cells showed the same patterns as freshly isolated cells. Prior to fixation treated and untreated cells looked similar under light microscopy. No increased cell rupture or vacuolarization was detected with treated cells.
Immunocytochemistry. For immunocytochemistry coverslips with mouse or rhesus spermatogenic cells were placed in PBS containing 2% formaldehyde and fixed for 1 h. Following fixation, the samples were permeabilized for 60 min in PBS containing 1% Triton X-100, and nonspecific reactions were blocked by further incubation in PBS containing 2 mg/ml bovine serum albumin and 100 mM glycine. For labeling, the antibodies were solubilized in this blocking solution and incubated with the coverslips for 1-2 h at the appropriate dilutions. For rab proteins the incubation was carried out overnight, at 37°C [39] . After extensive washing in PBS containing 0.1% Triton X-100, the samples were sequentially labeled with either TRITC-or FITC-conjugated (Zymed, San Francisco, CA) or Alexa-488 or Alexa-568 (Molecular Probes) appropriate secondary antibodies for 1 h and the DNA stain 4Ј, 6Ј-diamino-2-phenylindole (Molecular Probes) for 5 min. Following these incubations, coverslips were mounted in VectaShield mounting medium (Vector Labs, Burlingame, CA) and sealed with nail polish. Samples were examined with a Zeiss Axiophot or a Nikon Eclipse E1000 epifluorescence-equipped microscope operated with Metamorph software.
For antibody specificity control purposes NSF, SNAP, rab5, rab7, and 4ab6 antibodies from Santa Cruz were preincubated (1-2 h, 4°C) with their respective blocking peptides, before being used for immunocytochemistry as described above.
SDS-PAGE and Western blot. For clearer identification of the molecules present during acrosome biogenesis extracts were prepared by overnight incubation of spermatogenic cell suspensions in extraction buffer (1 M NaCl, 1 mM EDTA, 10 g/ml PMSF, 1% v/v Triton X-100, 20 mM Tris-Cl, pH 7.0), and collection of the clear supernatant following centrifugation.
Samples for Western blot were run on SDS-PAGE gels (Ready Gels, Bio-Rad, Hercules, CA) under reducing and denaturing conditions (20 -50 g protein/lane) and then transferred to Hybond sheets (Amersham, Buckinghamshire, England) using a dry system at 0.8 mA per cm 2 . Hybond sheets were blocked with PBS containing 2% nonfat dry milk (Carnation, Nestlé, Glendale, CA) for 1 h and then incubated overnight at 4°C with the various primary antibodies at the appropriate dilutions (1/200 to 1/1000). After extensive washing in PBS containing 0.2% Tween 20, the blots were incubated with anti-rabbit or anti-mouse goat IgG or anti-goat donkey IgG, tagged with horseradish peroxidase. The bands were developed using the ECL Plus system (Amersham) and Kodak X-OMAT LS Film (Sigma). Purified rab7 and rab5 (CytoSignal) were used as controls when samples were tested for these proteins.
RESULTS

Golgi Proteins Label the Acrosome Late in Mouse Spermiogenesis
Using two well-known Golgi markers, giantin (Figs. 1A-1E) and ␤-COP (Figs. 1F-1H ), as well as the acrosomal granule marker acrosin [49, 50] , we have found that both label the Golgi apparatus of murine spermatogenic cells. However, these proteins, which are also present in COPI vesicle coats, can also be conspicuously found on the acrosome (but not the acrosomal granule) of round (Figs. 1C and 1F) and elongating (Figs. 1D and 1G) spermatids. This observation was confirmed with other Golgi markers, including golgin 97 (Fig. 1I ) and the Golgi resident protein mannosidase II (Fig. 1J) , suggesting that the presence of Golgi proteins on the acrosome might constitute a general motif during spermiogenesis. In the case of mannosidases, a similar observation was made in rat spermatids for mannosidase IA, but not mannosidase II or IB, using different antibodies [26] .
The fact that giantin and ␤-COP persist on the acrosome in elongating spermatids, when the vesicle has almost reached its final form (Figs. 1D and 1G) , is in contrast to previous observations in the rhesus monkey [4, 13] and in rats [14] . However, these proteins are no longer detected on the mature vesicle in epididymal sperm (Figs. 1E and 1H ), but can still be found in the discarded cytoplasmic droplets, possibly as part of the degenerated Golgi apparatus (data not shown). This acrosomal pattern in elongating spermatids may have been previously overlooked since a bright Golgi label might obscure the acrosome signal. Indeed, the presence of Golgi markers on the acrosome was more evi-dent when the Golgi had detached from the vesicle and initiated its migration to the opposite cell pole (compare Fig. 1B with 1C and 1F) .
It is also interesting to note that acrosomal granule contents (as followed by acrosin staining) spread out from a distinct area within the acrosome (the acrosomal granule itself) into the entire acrosome late in spermiogenesis (Figs. 1D and 1G ). This is consistent with previous observations [50] , but contrasts with what takes place for other acrosomal components [51, 52] , such as sp56 (see Fig. 7) . A portion of the enzyme also seemed to persist on the outer rim of the Golgi apparatus in some cases (Figs. 1I and 1J, arrows) , with the same pattern observed in spermatocytes (Fig. 1A,  arrow) , suggesting that not all acrosin is delivered to the acrosome. Due to its faint label in spermatocytes, acrosin staining in these cells often resulted in a high cytoplasmic background, which was also found in control experiments (secondary antibody alone, data not shown).
Brefeldin A Disrupts the Golgi Apparatus in Mouse Spermatogenic Cells
Using the fluorescent lipid BODIPY-ceramide in round spermatids ( Fig. 2A) , we were able to visualize the Golgi apparatus, but not the acrosome [15] . Cell treatment with the fungal metabolite brefeldin A (15 M, 1 h) resulted in Golgi fragmentation, as monitored by both live ceramide imaging (Fig. 2B ) and immunofluorescence of spermatocytes (Fig. 2AЈ) and round ( Fig. 2BЈ) and elongating (Fig. 2CЈ ) spermatids using ␤-COP as a marker (compare with Figs. 1F and 1G) . The Golgi apparatus is most likely redistributed into the endoplasmic reticulum, as has been described for both somatic cells [53] and spermatids [13, 15] . The acrosomal granule itself was also not affected by the drug (Figs. 2BЈ and CЈ) , as previously noted [15] . Surprisingly, brefeldin A treatment did not fully remove ␤-COP from the acrosome of elongating spermatids (Fig. 2CЈ, arrows) , even at higher drug concentrations (up to 50 M) and following longer (up to 4 h) incuba- tion times (data not shown), suggesting that the Golgi and acrosome pools of ␤-COP may be differentially sensitive to the drug. This observation may be related to the discovery of two morphologically different types of ␤-COP-containing vesicles in the Golgi apparatus of rat spermatids [14] .
Potential activity of brefeldin A, as well as of other disruptive drugs, must be viewed with great care, and controls must always be performed (in this case with ceramide and ␤-COP, bona fide Golgi markers) to confirm that changes observed are significant and reliable. Indeed, preliminary results seem to suggest that the effect of agents that perturb Golgi structure and membrane traffic may be both cell-and species-dependent ( [54] , R. D. Moreno and J. Ramalho-Santos, unpublished observations).
SNARE Homologues, NSF, SNAPs, and Rab Proteins are Present on the Acrosome during Mammalian Spermiogenesis
The effect of brefeldin A on the Golgi apparatus in mouse spermatogenic cells suggests that membrane trafficking events in this system closely mirror what takes place in somatic cells. It is therefore likely that other common players in intracellular membrane flow might be active during spermiogenesis. Given that homologues of syntaxin and VAMP are present in mature mammalian spermatozoa of a variety of species [55] , we attempted to define the localization of these proteins during the initial steps of acrosome biogenesis.
Both the v-SNARE VAMP (Figs. 3A-3F ) and its complementary t-SNARE syntaxin (Figs. 3AЈ-3DЈ ) were distinctively present on the acrosome as soon as it was visible and persisted on this organelle throughout spermiogenesis. Although labeling in spermatocytes was diffuse (Fig. 3A , for VAMP; data not shown for syntaxin) SNAREs could be detected surrounding proacrosin granules (Fig. 3B) , and the fully formed acrosomal vesicle (Figs. 3C and 3AЈ) , although there was never colocalization with acrosin. SNAREs persisted on the acrosome of round spermatids as it spread and flattened over the nucleus (Figs. 3D and 3BЈ ) and could also be found in elongating spermatids (Figs. 3E and  3CЈ ). However, unlike Golgi antigens which seem to share a similar staining pattern in spermatids (see above), SNARE homologues persisted in the acrosome of both testicular (not shown) and mature epididymal sperm (Figs. 3F and 3DЈ) , consistent with previous observations [55] .
Since the presence of Golgi antigens on the acrosome at different stages of spermiogenesis may be speciesdependent ( [13] , see above) we attempted to use other mammalian spermatogenic cells to confirm the presence of SNARE homologues during the formation of this modified secretory vesicle. Using the rhesus monkey (Macaca mulatta) [56] , we were indeed able to confirm syntaxin and VAMP localization on the acrosome (but not the acrosomal granule) throughout spermiogenesis (Fig. 4) . We also could not establish any extensive SNARE labeling in the Golgi area using a marker for the trans-Golgi network (TGN) (Fig. 5) , either when the organelle was in close proximity to the acrosome (Figs. 5A and 5AЈ) or at later stages, when it had already migrated to the opposite cell pole (Figs. 5B  and 5BЈ ). This suggests that, if not exclusively present in the acrosome, SNARE homologues are at least concentrated in this organelle, consistent with the fact that acrosome formation constitutes the main process involving intracellular membrane trafficking/fusion reactions during mammalian spermiogenesis or, alternatively, that SNAREs in this cell are co-opted specifically for secretion. As evidence for this latter hypothesis we were able to establish that antibodies against syntaxin 1 (both A and B isoforms) and VAMP1, SNAREs active in synaptic vesicle exocytosis [57] , labeled the acrosome with the same pattern as shown in Fig. 3 (data not shown) . This is consistent with our previous results, showing that these SNAREs are present in the acrosome of mature mammalian sperm [55] . Using the same methodology we were able to detect rBet1 [58] , GOS28 [59] , or membrin [60] , SNAREs active in ER-to-Golgi transport, on the Golgi apparatus, but not on the acrosome (data not shown). Distinct syntaxins (2, 4, 6, and 13) were also not found on the acrosome with the antibodies available (data not shown). However, these results do not exclude the possibility that other SNAREs might be present in the developing organelle.
The presence of SNAREs during acrosome development suggests that the ATPase NSF could also be present, and possibly play a role, in this process. In spermatocytes, NSF showed a diffuse cytoplasmic label with a slight concentration in an area reminiscent of the Golgi apparatus (Fig. 6A) . Strikingly, in haploid round spermatids NSF was mostly localized to the acrosomal vesicle and, in later stages, the acrosome, as it spread over the nucleus (Figs. 6B-6D) . Additionally, alfa-SNAP, one of the soluble NSF attachment proteins that mediate NSF activity, was also found on the acrosome of round spermatids (Figs. 6E-6F ). Staining was inhibited by preincubating NSF and ␣-SNAP antibodies with the respective blocking peptides. These results again stress that acrosome biogenesis is the main membrane trafficking event taking place in these cells.
Finally, the presence of rab proteins on the acrosome was also determined (Fig. 7) , using several distinct probes for each member of the rab family (see Materials and Methods). Rab6 was detected mainly on the Golgi apparatus [34] , with a fainter acrosomal label (Figs. 7A-7C) . Since rab6 mediates a COPI-indepen-dent Golgi-to-ER recycling pathway [61, 62] , its presence on the acosome may therefore reflect retrograde retrieval of Golgi proteins from the acrosome using this alternative to COPI vesicles. However, it should be noted that this protein has also been found to associate with some types of secretory granules [63] . On the other hand rab8 (functional in the trafficking of TGNdrived vesicles to the basolateral membrane in polarized epithelial cells) and rab1A (active in the ER and early Golgi) were not found on the acrosome with the probes available (data not shown).
Given recent debates, regarding both the possible contribution of the endocytic pathway during acrosomal maturation [15] and the nature of the organelle itself, we also tested several rab proteins known to function in endosomes and lysosomes. Accordingly, rab5-positive vesicles were found in close proximity to the acrosome, notably in cap-phase round spermatids (Figs. 7E-7G ), and rabaptin-5, a downstream effector for rab5 [64] , showed a similar distribution pattern (data not shown). Rab5 is involved in trafficking at the early stages of the endocytic pathway, notably in clathrin-coated vesicles and early endosomes [34, 35, 65] . Interestingly rab7 was also found associated with the organelle in a very similar pattern (Figs. 7I-7K ). Rab7, unlike rab5, is present in late, and not early, endosomes [34, 35] and has recently been shown to play a role in lysosome biogenesis [66] . Staining for rab6, rab5, and rab7 was replicated using several different probes for each protein (see Materials and Methods) that detect single bands of the expected molecular weight (Fig. 7) . Additionally, labeling was inhibited by preincubating anti-rab antibodies with their respective blocking peptides. This suggests that rab6, 5, and 7 are indeed present on the acrosome, although the possibility that the antibodies recognize similar (possibly even testis-specific) proteins cannot be ruled out.
The only member of the rab family that has been actually characterized in the acrosome of mature sperm so far is rab3A [33, [37] [38] [39] . Curiously, although this protein could indeed be detected in the mature acrosome of epididymal sperm (data not shown), it was not found on the developing organelle in either round (not shown) or elongating (Fig. 7M) spermatids. Staining in elongating spermatids was reminiscent of the manchette microtubules (Fig. 7M) , suggesting that rab3A might be transported to the acrosome late in spermiogenesis.
DISCUSSION
In this study we have extended previous findings [4, 13, 14, 26] to show that several types of Golgi proteins are present in the mouse acrosome until late in spermiogenesis, but cannot be detected in mature spermatozoa. These proteins include both components of vesicular carriers (giantin, ␤-COP) and resident Golgi antigens (golgin 97, mannosidase II). Since both giantin (macrogolgin) and ␤-COP are found in COPI-coated vesicles [44, 67] it is likely that their presence on the acrosome of elongating spermatids reflects vesicular transport to the acrosome and/or recycling of Golgi antigens from this organelle back to the Golgi. As Golgi antigens are not present in the acrosome of mature sperm, recycling should occur up to the final stages of spermatid maturation, given that the Golgi is still biologically active [21] . Mannosidase IA, for example, has been shown to reside in the rat acrosome of spermatids up to stage 15 [26] . A rab6-dependent, COPIindependent, retrieval pathway may also participate in this process. A distinct explanation for these findings is that all Golgi antigens, rather than being retrieved, are degraded in the acrosome. However, since these proteins are still found in the cytoplasm and degenerating Golgi apparatus present in cytoplasmic droplets, this degradation process would have to be acrosome-specific, which seems unlikely.
According to the hypothesis that the Golgi apparatus is an actively trafficking organelle in this system, treatment of spermatogenic cells with the drug brefeldin A disrupted the Golgi even at the elongating spermatid stage. However, a pool of ␤-COP on the acrosome seemed at least partially refractive to the drug. This finding is somewhat surprising, considering that brefeldin A acts directly on COPI coat recruitment to membranes [67] , via specific ADP-ribosylation factor (ARF) exchange factors [68, 69] , and may reflect the presence of differentially sensitive pools of membranebound ␤-COP (possibly related to different ARFs or ARF exchange factors) in mouse spermatids. In accordance with this model, two types of ␤-COP-containing vesicles/buds have been described in relation to the Golgi apparatus and acrosome of rat spermatids [14] . Additionally, together with the presence of rab5-containing vesicles in close proximity to the acrosome, this observation might reflect a contribution of the endocytic pathway to the maturation of this organelle, since ␤-COP has also been shown to associate with endosomes [70] . In fact, COPI-coated vesicles are involved in the early endocytic pathway in somatic cells [71, 72] . However, these vesicles show a different subunit composition, compared with COPI vesicles involved in Golgi-to-ER transport [71] . Together with possible differences in specific ARFs, or ARF exchange factors, this could help explain the differential effects of brefeldin A in spermatids.
The possible implications stemming from the presence of many different types of Golgi proteins on the acrosome during spermiogenesis have never been adequately addressed. One likely hypothesis is that Golgi residents are missorted to the acrosome, possibly due to a less reliable trafficking machinery [4, 13] . How-ever, this explanation fails to account for the fact that Golgi proteins are actively removed from the acrosome (either by trafficking or degradation) before spermiogenesis is complete. If Golgi-to-acrosome trafficking was indeed unreliable and error prone, several of the Golgi residents tested would be expected to localize, at some level, to the acrosome of mature sperm, which is not the case ( [4] , this study). An alternative hypothesis may perhaps be found when one considers the Golgi apparatus itself.
It is not disputed that the Golgi is composed of several structurally and functionally distinct regions. These regions would include the "traditional" cis, medial, and trans cisterna, plus the trans-Golgi network and, according to some authors, possibly a cis-Golgi network. However, there are two fundamentally different models that strive to explain how this organelle is formed (for reviews see [28, 67, [73] [74] [75] ). In essence, one model postulates the Golgi as a "fixed" structure, connected by transport vesicles that bud from one region (say, the cis-Golgi) and fuse with the next (in this case, the medial Golgi), thus permitting a continuous anterograde flow of cargo molecules, with concomitant recycling of vesicular elements back to their original compartment, in both cases using COPI-coated carriers [28, 74] . The alternative, which has accumulated con- 
FIG. 7.
rab proteins are associated with the acrosome during spermiogenesis. Several small GTPases of the rab family (green) are present on the acrosome, identified in some cases using sp56 as an acrosomal marker (red; for clarity insets for sp56 staining were used on occasion). Rab6 (A-D) is found mainly on the Golgi apparatus (asterisks), but can also be detected as a fainter acrosomal label, both when the Golgi is in close association with the nascent vesicle (A, B) and after it has started its migration to the opposite cell pole (C). Rab5 (E-H) is found as a diffuse cytoplasmic label in early Golgi-phase round spermatids, with a slight ring around the acrosomal granule (E); but, at later stages, is concentrated around the acrosome in a dotted pattern (F, G). Rab7 (I-L) shows a pattern very similar to rab5. Although rab3A (M, N) is found in the acrosome of mature sperm (not shown) it could be detected only on the Golgi apparatus of round spermatids, not on the acrosome (not shown). In elongating spermatids (M) this rab was still present in the Golgi apparatus (asterisks) and also localized to the manchette, but not to the acrosome. DNA is shown in blue; bar represents 5 m. Following Western blot analysis, D (rab6), H (rab5), L (rab7), and N (rab3A) show that in each case the probes used detect single bands of the molecular weight (20 -30 kDa) expected for rab proteins.
vincing evidence in recent years, is named the "maturation" model, and recent ultrastructural evidence suggests that it might be applicable to the Golgi apparatus in spermatids [76] . According to this model, Golgi cisternae are continually formed "de novo," and added at the cis-side of the organelle. The cisternae then pass through the organelle, receiving transport COPIcoated vesicles that recycle Golgi resident proteins in the trans-cis direction. For example, in this case a medial cisterna would carry all anterograde cargo inside (rather than package it into transport vesicles) and would gradually become a trans cisterna by both receiving recycled proteins from more mature cisterna and, in turn, delivering its own "medial-specific" proteins to a cisterna closer to the cis end of the organelle. Incomplete recycling would explain why some proteins, although highly enriched in one area of the organelle, might also be found in other regions. After passing through the entire complex the trans-most cisternae would then be dismantled at the TGN, with Golgi elements being retrieved and the remaining components forming nascent secretory granules and other types of vesicular/tubular carriers destined to the plasma membrane, lysosomes, etc. [28, 67, 73, 75] .
With the maturation model framework in mind, it is therefore possible that, in spermatids, the Golgi flux is functionally directed to, and thus ends in, this specialized structure. Rather than being viewed as missorted, Golgi antigens may arrive at the acrosome simply by following this continuous flow of membranes. The acrosome would then be the final compartment where recycling/retrieval takes place, thus explaining the presence of COPI components and rab6, and the relative abundance of Golgi proteins on this organelle could be related to diverse recycling kinetics. The decrease in acrosomal membrane during the final acrosome phase of spermatid maturation [77, 78] could reflect this phenomenon. This model is also reminiscent of the sorting and recycling events that take place during the biogenesis/maturation of Golgi-derived secretory granules [79] .
Although, as discussed above, the presence of giantin and ␤-COP on the acrosome likely reflects COPI-mediated recycling of proteins back to the Golgi [13, 14] , it remains to be established whether the presence of other Golgi proteins has any physiological relevance to the maturation of the organelle itself [26] .
The intense trafficking that occurs during acrosome biogenesis (albeit possibly at a very slow rate, since spermiogenesis may take up to 14 days in the mouse), suggests that players normally involved in intracellular membrane traffic/fusion in somatic cells may play a role during the growth and shaping of this organelle. Given their importance in other trafficking events (for reviews see [28, 29] ) SNARE proteins seemed likely candidates, and we have described here that homologues of syntaxin and VAMP are distinctively present on the acrosome since this organelle first begins to take shape. Although their exact function is not clear, it is likely that the t-SNARE syntaxin may interact with the v-SNARE VAMP to mediate docking/fusion of Golgi-derived vesicles during acrosome formation. The fact that these proteins so distinctively label the acrosomal vesicle, and that this label is paralleled by the presence of NSF and alfa-SNAP, again stresses the biogenesis of this organelle as the major membrane trafficking event to take place during spermiogenesis and points to NSF, SNAPs, and SNAREs as possible players in membrane trafficking and fusion events that underlie acrosome growth and shaping. That these proteins are present during acrosome biogenesis is not surprising, given that NSF and SNAPs are active in most intracelular trafficking events [27, 29] , that VAMP homologues play a role in many SNARE-mediated fusion events, and that at least one member of the syntaxin family has been found to participate in all the events described so far [28, 57, 80] .
Results obtained with SNAREs and rab proteins in this study seem to suggest that the acrosome may be a unique structure, with several pathways converging, and possibly contributing to, its biogenesis. While the presence of rab6, as well as syntaxin 1 and VAMP1, on this organelle suggests that it should be classified as a specialized secretory granule, the presence of rab5 raises the possibility that the endocytic pathway (probably via early endosomes) might also contribute to acrosome formation. Additionally, rab7 has been implicated in lysosome biogenesis [66] , and the acrosome could therefore also be viewed as a (secretory) lysosome [5] [6] [7] . However, further work is needed to expand this hypothesis, since it is possible that the probes developed against components of the trafficking machinery in somatic cell also recognize a similar (possibly even testis-specific) protein. Future studies will therefore focus on the pressing questions regarding the precise molecular nature and activity of the SNARE homologues involved in acrosome formation, as well as on other regulators of membrane traffic that might also participate in this process.
